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The cornified envelop, the terminal product of keratinocyte 
differentiation, is composed of a variety of covalently crOss-
linked proteins that form a rigid three-dimensional structure. 
Our present studies show that preparations of intact enve-
lopes prepared from cul~ured human ~eratinocyt~s contain 
soluble involucrin, keratm, and filaggnn. Sequential extrac-
tion with sodium dodecyl sulfate (SDS) and urea followed by 
sonication produces envelop fragments that are largely free of 
soluble proteins, including involucrin. Digestion of these 
highly purified envelope fragments with cyanogen bromide 
(CNBr) releases a smear o~ anti-invol?crin immunoreactive 
material (40-180 kDa) With two enriched clusters of bands 
T he keratinocyte, the major cell type of the epidermis, undergoes a programmed process of differentiation that includes a series of morphologic and biochemical changes that eventually result in cell death [1,2]. A major structural component generated as a result of 
this process is the cornified envelope [1,2]. The envelope consists of 
an array of covalently cross-linked proteins that are held together by 
intermolecular E-(y-glutamyl) lysine bonds [3 - 7]. Formation of 
these cross-links is catalyzed via the action of calcium-dependent 
trans glutaminase activity (TG) [2,4,5 - 7]. TG is a calcium-depen-
dent enzyme that is activated by an increase in intracellular calcium, 
which occurs during the final stages of terminal differentiation 
[2,5- 7]. 
The genes encoding twO putative envelope precursors, involucrin 
and loricrin [8,9], have been isolated and characterized, and several 
other proteins are thought to be components of the envelope [10-
16]. However, despite intensive studies, very little is known about 
the structure of the envelope at the molecular level. Biochemical 
studies suggest an envelope that is assembled using whatever pre-
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DLFCS: delipidized fetal calf serum 
DMEM: Oulbecco's Modified Eagle's Medium 
OTT: dithiothreitol 
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PBS: phosphate-buffered saline 
SOS: sodium dodecyl sulfate 
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at approximately 52 and 70 kDa. The 52-kDa band cluster 
co-migrates with products released by CNBr digestion of 
purified involucrin. The CNBr-mediated release of discrete 
(52- and 70-kDa) involucrin-immunoreactive bands suggests 
that many involucrin molecules may be cross-linked at rela-
tively few glutamyl residues/molecule in envelopes prepared 
from cultured keratinocytes. Moreover, what appears to be 
cross-linked involucrin can be localized on highly purified 
sonicated envelope fragments using colloidal gold electron 
microscopy. These results provide evidence that involucrin is 
a cross-linked component of the keratinocyte marginal band. 
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cursor proteins are available at the time of cross-linking (17 -19], 
whereas morphologic images of corneocyte structure suggest a 
more defined structure [20]. Because of its large size and a relative 
lack of understanding of the components that constitute the enve-
lope, assessing its purity has been difficult. 
Involucrin is a marker of suprabasal differentiation of cultured 
keratinocytes and other stratifying epithelia [4,21,22] and has been 
identified as a component of the keratin~cy~e cornified envelope 
[4 ,21 ,2~,~4]. However, our presen~ results l11dlcate that many previ-
ously utlhzed methods do not effiCIently remove soluble involucrin 
from envelope prep~ratio~ls, making its assignment as a envelope 
prec~rsor problematic. Usmg cyanog.en bromide (CNBr) to release 
peptide fr~gments from lllghly J:>unfied envelope fragments, we 
prOVide eVldenc~ that Il1volucnn IS a covalently associated compo-
nent of the cor111ned envelope. The pattern of anti-involucrin im-
lTIull?reactive pep tides ;l'elease? by CNBr suggests that a significant 
f~actton of th~ cross-Imked lI1voluc~m molecules may be cross-
lmked at relatlVely few glutamy\ reSidues/molecule in envelopes 
prepar~d fro~ cultured cells. We also confirm the presence of invo-
lu~nn m punfied envelope fragments using immunogold electron 
mIcroscopy. 
MATERIALS AND METHODS 
Keratinocyte Cell Culture Human foreskin keratinocytes were 
cu.ltured on lethally ir~adiated. murine 3T3 feeder cells [25) in a 3: 1 
mlxt~re of Dulb~cco s modified Eagle's medium (DMEM) and 
Ham s F-12 medIUm supplemented as previously described [26]. 
When. cells reac~led confluence, the concentration of fetal calf 
serum I~ the media was re~uced t~ 5% and epidermal growth factor 
wa~ ~n~ltted to promote differentiation [27]. In some experiments, 
dehpldlzed fetal calf serum (DLFCS) was used in place of fetal calf 
se~m. (FCS) to further promote stratification and terminal differ-
entiation of the cultured keratinocytes [28,29] . 
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Figure 1. Phase-contrast images of sonicated and intact cornified enve-
lopes. Intact spontaneously formed envelopes were isolated from 12-d 
post-confluent cultured foreskin keratinocytes (A; R, rounded polygonal 
envelopes; F, faceted envelopes; g, granular structures). B, structure of 
these envelopes after sonication and washing. (Magnification X 100.) 
Preparation of Cornified Envelopes Cornified envelopes 
were purified from 10 to 12 d post-confluent, and differentiated 
cultures of human foreskin keratinocytes grown in medium con-
taining 5% OLFCS following a composite protocol based on 
previous reports [9,18,30). All plasticware was siliconized and 
where possible the materials and solutions were autoclaved prior to 
use. Keratinocyte cultures were washed twice with phosphate-buf-
fered saline (PBS) containing 20 mM EOTA, once with PBS con-
taining 20 mM EOTA and 0.2 mM PMSF, and were harvested by 
scraping. The cells were collected in PBS containing 20 mM EDT A 
and pelleted. Cells in the pellet were disrupted by two freeze/thaw 
cycles and boiling with vigorous agitation for 5 min in a solution 
containing 2% (w Iv) sodium dodecyl sulfate (SOS), 10 mM dithio-
threitol (OTT), 50 mM Tris-HCI pH 7.5, and 5 mM EOTA 
(SOTE buffer). The envelopes were transferred to siliconized, auto-
claved 1.5-ml microfuge tubes (s 300,u1 packed envelopes/tube) 
and centrifuged for 5 min at 15,000 X g. Pelleted envelopes were 
resuspended in fresh SOTE buffer, boiled for 5 min, and collected 
by centrifugation. This procedure was repeated five times and the 
envelopes were resuspended in 10 volumes of a solution containing 
B M urea and 25 mM Tris-HCI pH 9.0 and extracted at 37"C 
for> 72 h. The urea-extracted envelopes were collected by centrif-
ugation, then washed once with 5 mM Tris-acetate pH 7 .5, 0.85 M 
NaCI (TAS buffer) and three times with autoclaved, double-dis-
tilled H 20 to yield intact envelopes. 
To prepare envelope fragments, intact purified envelopes were 
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Figure 2. Intact envelopes contain soluble protein. Intact spontaneously 
formed envelopes were isolated from 12-d post-confluent cultures of 
human foreskin keratinocytes. Soluble polypeptides were detected by 
electrophoresing equal quantities of envelopes (50 j.l.g/lalle) on a 12% 
acrylamide gel [32] and staining with Coomassie blue. A) Envelopes iso' 
lated by the standard 50S/boiling-urea extraction protocol with (fOli es 1 
and 3) and without (lan es 2 and 4) the freeze/thaw cycles and with (Iall es 3 
and 4) or without (fOli es 1 and 2) methanol:acetone (1: 1) extraction. B) 
Protein bands released from envelopes isolated by the standard protocol 
and then treated without (Ialle 1) or with protease inhibitors ([aile 2, OFP; 
lalle 3, NEM; lalle 4, leupeptin) or transglutaminase inhibitor (lalle 5, cysta· 
mine). C) Proteins released from the envelope preparation without (Ialle 
1) or with ([aile 2) pre-electrophoresis for 20 h [18) prior to 12% polyacryl· 
amide gel electrophoresiS. M, molecular weight markers. 
collected by centrifugation for 5 min at 15,000 X g. This sonication 
procedure disrupted> 90% of the envelopes as visualized by phase-
contrast microscopy. Sonicated material was then boiled once in 
SBTE buffer (as SOTE except that 1 % b-mercaptoethanol was sub-
stituted for OTT), collected by centrifugation, boiled once in modi-
fied SBTE buffer containing 0.2% SOS, and washed three times 
with autoclaved, double-distilled water to yield sonicated envelope 
fragments. 
Electron Microscopy Sonicated or intact envelopes for electron 
microscopy were fixed in 0.1 M cacodylate buffer (pH 7.2) contain-
ing 3% glutaraldehyde for 1.5 h at room temperature, os mica ted in 
0.1 M cacodylate buffer pH 7.2 containing 1 % OS04 for 1 h at 
room temperature, and end-block stained in 1 % aqueous uranyl 
acetate for 1 II at room temperature.Samples were then dehydrated 
through a graded ethanol series, infiltrated with propylene oxide, 
and embedded in Polybed 812 (Polysciences). Sections (80-nm) cut 
on a Reichert Ultracut-E microtome were counterstained with ur-
anyl acetate and Reynold's lead citrate, and examined in a JEOL-
100CX electron microscope operating at 80 kV. 
Itnmunogold Electron Microscopy Purified, sonicated enve-
lope fragments were fixed with 1 % glutaraldehyde, dehydrated 
through a graded ethanol series, infiltrated with propylene oxide, 
and embedded in Polybed 812; BO-nm sections were then prepared. 
The sections were blocked for 15 min at room temperature with 
Tris-buffered saline (10 mM Tris-HCI, pH 7 .5, 0.15 M NaCl, 
0.02% sodium azide) containing 0.1 % bovine serum albumin, incu-
bated sequentially with rabbit anti-human involucrin antibody (di-
luted 1 : 400, 12 h at 4 0 C) and protein A - gold (9-nm gold particle, 
Upstate Biotechnology, diluted 1 : 20, 2 h at 25°C), and washed 
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Figure 3. Identity of soluble proteins present in intact cornified envelope preparations. and reduction in le~el following 50~ication.lntact spontaneously 
formed envelopes were Isolated from 12-d post-confluent cultures of human foreskln kerahnocytes usmg the SDS/bOlhng-urea extraction protocol 
(Itltact). A fraction of the sample was sonicated and washed as described in Materials alld Methods (Sollicated). Equal quantities of envelopes (protein 
equivalents, 50.J.lg/lalle) were electrophoresed on. 12% polyacr~lam.ide gels and stained with Coomassieblue (Iall es C) or ~ilver stain (latJes Ag) or 
transferred to mtrocellulose and Incubated wIth pnmary anhbodles specific for involucnn (bill) , type I kerahns (I), type II kerahns (II), or filaggrin (Fil). 
Specific binding of primary antibodies was visualized by incubation with 1251-1abeled secondary detection reagents and exposure on x-ray film. The 
smearing observed in the type 1 and type II keratins lanes, especially in the intact envelopes, may result from keratin crOSS-linking. 
with Tris-buffered saline to remove non-specific binding. The sec-
tions were then counterstained with uranyl acetate and Reynold's 
lead citrate, and examined in a JEOL-l00CX electron microscope 
operating at 80 kV. 
Quantitation of Envelope Protein Content The protein con-
centration of intact and sonicated envelope fragments was quanti-
tated using the Brahmall dye binding assay [31]. 
Immunologic Methods Envelope samples (equivalent amounts 
of protein) were electrophoresed on 8% or 12% polyacrylamide gels 
[32] and the proteins were transferred to nitrocellulose for iml11un-
oblotting. Involucrin was detected by incubation with a pre-ab-
sorbed, involucrin-specific primary antibody [4] followed by incu-
bation with 125I-labeled protein A and autoradiography [33]. AE-l 
and AE-3 mouse monoclonal antibodies were used to detect type I 
and type II keratins, respectively [34], and fila.ggrin was detected 
using a filaggrin-specific mouse monoclonal antibody (Biomedical 
Technologies) . Binding of the mouse monoclonal antibodies was 
visualized using I25I-labeled goat anti-mouse IgG followed by auto-
radiography. 
CNBr Digestion of Sonicated Envelopes Sonicated envelopes 
(50-,ug) were concentrated by centrifugation, resuspended in 0.5 ml 
70% formic acid containing 25 mg CNBr (500 times molar excess 
of CNBr/protein), and digested in the dark under nitrogen for 24 h 
at room temperature. The reaction was quenched by the addition of 
5 - 10 volumes of autoclaved water followed by evaporation to dry-
ness. 
RESULTS 
Purification of Intact Spontaneous Envelopes from Cultured 
Human Keratinocytes Cultured neonatal foreskin keratino-
cytes undergo terminal differentiation and produce cornified enve-
lopes that are resistant to repeated boiling in buffers containing SDS 
and reducing agent [1,2,4]. We purified spontaneously formed cor-
n.ified envelopes from differentiated, 10 to 12 d post-confluent ker-
atinocyte cultures by two freeze/thaw cycles, repeated boiling in 
buffer containing SDS and reducing agent, and extensive extraction 
in buffer containing 8 M urea. The resulting envelopes display two 
basic morphologies: The majority of the envelopes are rounded 
polygons (Fig lA, R) although a significant fraction appear faceted 
and crenulaced (Fig lA, F). A striking feature is the presence in the 
envelopes of numerous granules (Fig lA, g), especially in the 
rounded polygon forms. 
Intact Envelopes Contain N urnerous Soluble Proteins We 
first assayed whether these intact "purified" envelopes contained 
only covalently cross-linked proteins. Soluble proteins were de-
tected by elec.trophoresing ~nvelopes on 12% polyacrylamide gels 
[32] and stallllllg the gels With CoomaSSle blue. Identical quantities 
of envelopes were electrophoresed In parallel lanes. Despite the 
rigorous extraction procedure, the Intact envelopes contain numer-
ous soluble proteins (Fig 2A, !alle 1). To eliminate the possibility 
that these proteins are aggregates fotmed during the freeze/thaw 
cycles, envelopes were prepared from keratinocyte cu ltures by our 
standard procedure WIthout freeze/thawl11g. This did not, how-
ever, remove the soluble proteins (Fig 2A, lane 2). 
It is possible that the presence of sol uble protein could result from 
the formation of unusually s.table protein-lipid interactions [35,36]. 
To test thIS, envelopes flunfied with or without the freeze/thaw 
cycles were extracted WIth several volumes of methanol:acetone 
(1: 1) ~or 2 h at room temperature before electrophoresis. No de-
crease III the levels of soluble protein. was observed (Fig 2A, !alles 3 
and 4). 
To determine whether the soluble polypeptides resu lted from 
envelope proteolysis, purified envelopes were treated with various 
protease II1hIbItors . After urea extraction, the envelopes were exten-
sively washed WIth autoclaved, distilled H 20 to remove any soluble 
polypeptIdes and were resuspended in autoclaved-disti ll ed water 
(Fig 2B, !a lle 1) or in autoclaved-distill ed H 2 0 containing 5 rnM 
dusopropylfluorophosphate (Fig 2B, !atle 2),10 mM N-ethylmalei-
mlde (FIg 2B, !al1e 3), or 80 ,11M leupeptin (Fig 2B, !ane 4). If pro-
teases were responsible for the formation of the soluble polypep-
tides, protease II1hlbltors should inhibit their fOI·mation. As shown 
in Fig 2, the protease inhibitors were without effect, as a similar 
level of soluble protein was observed in each case. Inclusion of 
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Figure 4. Electron microscopy images of isolated intact envelopes. Intact 
spontaneously formed envelopes were isolated from 12-d post-confluent 
cultured foreskin keratinocytes and prepared for electron microscopy. A) 
Low-magnification image, B), hlgh-magnification image. Bar, 2pm in (A) 
and (B). Note the dense marginal band (i), fibrillar and granular struc-
tures (ii), and the presence of spot desmosomes (iii) . Illsert in (A), high-
magnification image (bar, 0.2 microns) of a spot desmosome. 
10 roM EDTA was also without effect. Although unlikely, it is 
possible that the soluble polypeptides are derived from transgluta-
minase-catalyzed envelope disassembly (i.e., envelope formation in 
reverse). To test this possibility, envelopes were incubated with 
20 roM cystamine, an active site-directed inhibitor of transgluta-
minase [37] (Fig 2B, lane 5). This treatment did not eliminate the 
soluble proteins. 
Michel et al reported that soluble proteins present in envelopes 
prepared by boiling in buffer containing SDS and reducing agent 
could be removed by electrophoresis [18] . We therefore pre-elec-
trophoresed envelopes on an acrylamide cylindrical tube gel for 
20 h, recovered the envelopes from the gel surface, and tested for 
the presence of residual soluble proteins by gel electrophoresis. Pre-
electrophoresis did not reduce the concentration of soluble proteins 
(Fig 2C, lanes 2 and 2). 
Soluble Proteins Include a Variety ofKeratinocyte Proteins 
To increase the sensitivity of detection of released soluble proteins, 
purified intact envelopes were electrophoresed on 12% polyacryl-
amide gels and the gels were silver stained. The increased sensitivity 
of silver staining revealed a large number of bands migrating in size 
from 5 to> 180 kDa (Fig 3, left panel, lane Ag), whereas Coomassie 
blue staining revealed a level of soluble protein consistent with 
previous gels (Fig 3, left panel, lalle C). These results indicate the 
presence of significant levels of soluble protein in these envelopes. 
The identities of several of these proteins were determined by 
electrophoresing envelopes on acrylamide gels, transferring the re-
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Figure 5. Electron microscopy images of sonicated envelope fragments. 
Spontaneously formed envelopes, isolated from 12-d post-confluent cui· 
tured foreskin keratinocytes, were sonicated and washed prior to electron 
microscopy. A) Low-magnification image, B), hlgh-magnification image. 
Bars in (A) and (B) are 0.5 pm. Note the absence of granular material and 
reduction in fibrillar structures. Note the dense marginal bands (i) and 
spot desmosomes (iii) . 
leased proteins to nitrocellulose, and incubating with antibodies 
specific for various keratinocyte proteins (Fig 3). A series of immu· 
noreactive bands were detected with an antibody specific for human 
involucrin (Fig 3, left panel, lane III v). Immunoreactive smears were 
also detected with both the AE1 and AE3 cytokeratin antibodies 
(Fig 3, left parlel, lanes I and II, respectively). An immunoreactive 
doublet migrating at approximately 58 kDa and a higher molecular 
weight smear were detected with the filaggrin-specific antibody 
(Fig 3, left panel, lane Pil). Filaggrin is an intermediate filament-as-
sociated protein [38] that is expressed in cultured human keratino-
cytes [39]. Th~s, des~ite extensiv~ ,Purification, intact envelopes 
appear to contal11 slgl1lficant quantltles of soluble involucrin, kera-
tin (types I and II), and filaggrin. 
Sonication of Intact Envelopes Yields Envelope Fragments 
that Are ~argely Fre~ ~f Soluble Proteins The presence of 
microscoPIc granules wlthll1 the l11tact envelopes (Fig 1A) and the 
composltlon of tl~e soluble polypept!des, including an envelope pre-
cursor, l11termedlate filament protel11s, and a keratohyalin granule 
constituen.t, suggests that these polypeptides may be trapped within 
the cross-linked envelope. We therefore investigated whether these 
proteins . could be reduced or eliminated by the fragmentation of 
Isolated l11tact envelopes. When envelopes were sonicated twice at 
70 - 90 watts for 45 seconds each, greater than 95% of the envelopes 
were disrupted into large fragments visible under phase-contrast 












Figure 6. Chemical cleavage differentially releases involucrin from en-
velope fragments. Purified, sonicated envelope fragments were prepared 
from keratinocytes allowed to spontaneously form envelopes by growth 
for 12 d beyond confluence. Sonicated envelope fragments (SO /lgl/tII/e) 
were incubated with (+ E II /I) or without (- Ell u) CNBr and the samples 
electrophoresed on an 8.5"/0 acrylamide gel. Purified involucrin was 
treated with (+ 11/ /1) or without (- III v) CNSr and electrophoresed in 
parallel. Asterisk, immunoreactive material released by CNBr digestion 
that co-migrates with the major CNBr products released by digestion of 
purified involucrin . ArrO/vl/cad, migration of a cluster of slower mobility 
bands. The upper band (> 116 kDa) in the intact involucrin lane (- 1/111) is 
likely to be an involucrin dimer. Small amounts of this material « 0.5%) 
are sometimes observed in th ese prepara tions due to an incomplete inhibi-
tion of transglutaminase activity during the purification procedure. 
microscopy (Fig 18). When these fragments were washed and as-
sayed for so lub.le pr?tein release, no bands were d~tected with Coo-
massie blue st3 111 (Fig 3, righ t pallel, Ia//e C). In add ltlOn, o nl y a small 
amount of protein was detected using silver stain (Fig 3, righ t POllel, 
lane Ag). Moreover, sonication appeared ro completely remove all 
immunologica lly detectable involucrin (Fig 3, riglrt pallel, IOlle [II V) 
and fil aggrin (Fig 3, rigflt pOllcl, IOlle Fil) and to dramatically reduce 
cytokera tin immunoreactivity (Fig 3, righl pallcl, IOll es [and II) . As a 
control for non-specific antibody binding, identical blots were in-
cubated with a mouse monoclonal antibody specific for ,B-galactosi-
dase (Oncogene Sciences, Inc.) and an I25I-bbeled goat anti-mouse 
IgG secondary a ntibod~. N o bands were detect:~ (not shown) , indi-
cating that the interactions are speCific. In addition, no bands were 
detected when the primary anti-involucrin, -keratin, or -fila ggrin 
antibod ies were omitted (not shown) . 
To further investi gate the source of the solubl e pcptides present 
in the intact envelopes, intact and sonicated envelopes were exam-
ined using the electron microscope (Figs 4 and 5). Figure 4 shows 
low- (pallel A)- and high-mag nification (parte! B) micrographs of 
intact envelopes iso lated from differentiated, 12-d post-confluent 
cultured keratinocytes (spontaneous envelopes) and demonstrates i) 
a dense marginal band at the envelope periphery, ii) fibrill ar mate-
rial and intact granules within the interior of the envelope, and iii) 
the presence of spot des l11osol11es alon g the marginal band (ill set in 
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A ). Electron micrographs of sonicated fragments, however, display 
onl y Cllrved fragments of the marginal band, including desnlOsomes 
(Fig SA,B). Granular material is absent, and the fibrillar structures 
have been virtually eliminated. Fibrillar material remains associated 
with the sonicated fragments only in the vicinity of the spot desmo-
somes. This morphologic evidence sugges ts that the soluble pro-
teins are, at least in part, derived from the granular and fib rillar 
material. 
Involucrin Fragments Can Be Released frolTI Purified Mar-
ginal Bands by CNBr Digestion The above experiments dem-
onstrate that envelopes, largely free of soluble proteins, can be pro-
duced by repeated boiling in detergent and reducing agent, 
ex trac tion in 8 M urea, and sonication. We next determined 
whether involucrin fragments could be released from the purified 
envelope fragments using CNBr. The products resulting from 
C NBr digestion of the purified envelopes were separated on an 8% 
polyacry lamide gel, transferred to nitrocellulose, and the mem-
branes incubated with an involucrin-specific antibody. In the ab-
sence of C NBr treatment, no immunoreactive bands were detected 
using antibodies to involucrin (Fig 6, - EIIII); however, CNBr di-
gestion released a broad smear of involucrin-immunoreactive bands 
ranging in molecular weight from 40-180 kDa (Fig 6, +E1Iv), 
confirming that involucrin is present in highly purified envelope 
fragments prepared from spontaneously formed Cul tured envelopes. 
In addition to the smear of im.munoreactive cleavage products, sev-
eral discrete bands are present that migrate at arou nd 52 (asterisk) 
and 70 kDa (arrowhead) . A similar pattern of release was observed in 
each of four experiments with separate envelope preparations. As a 
standard, purified involucrin, isolated from cultured human kerati-
nocytes as previously described [40], was CNBr digested in parallel. 
Intact involucrin mi grates at around 90 kDa (Fig 6, - It'IV) , w h ereas 
C NBr cleaves the intact protein into four major peptide products 
migrating between 48 and 58 kDa (Fig 6, + Itlll). 
Immunogold Electron Microscopy Detection oflnvolucrin 
in Purified Cornified Envelope Fragments In the experi-
ments outlined above, we demonstrated that involucrin is not re-
leased from purified envelope fragments in the absence of CNBr 
cleavage, suggesting a covalent association. To verify visually the 
association of involucrin with the cornified envelope and to deter-
minc its distribution , we prepared 80-nm sections of purified, son i-
cated envelope fragments and incubated the sections with anti-in-
volucrin antibody followed by protcin A - gold . The go ld particles 
were visualized by electron microscopy. In sections incubated se-
quentially with primary antibo~ y and protein A-gold, gold parti-
cles are locahzed almost exclUSIVely over envelope fragments (Fig 
7A ). In contrast, no labeling was observed when the primary invo-
lucrin antibody was omitted (Fig 7 B). A hi gher-magnification 
image of envelope fragments incubated with the anti-involucrin 
antibody followed by protein A - go ld is shown in Fig 7C. The gold 
particles are distributed at relatively random inrervals over the sur-
face of th e envelope fragment. 
DISCUSSION 
Granular and Filamentous Material Contains Soluble Pro-
tein in Iutact Cornified Envelope Preparations To under-
stand the structure of the cornified envelope, it is necessary to iden-
tify the function of the precursors of the keratinocyte marginal 
band . This requires the ability to produce pure preparations of cor-
nified envelope. Pure in the present care refers to a lack of detectable 
protein release when envelope preparations are electrophoresed on 
an acrylamide gel. P revious authors have util ized boiling ill deter-
gent and reducing agent, extraction with urea, or sonication to 
prepare purified envelope preparations [1 7, 19,30,4 1]. Our results 
show that "purified" intact envelopes (SOS/reducing agent- and 
urea-extracted) contain numerous soluble prote ins. Their presence 
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Figure 7. Immunologic localization of involucrin in the cornified envelope. Purified, sonicated envelope fra~ents, prepared from 12-d post-confluent 
keratinocytes were embedded in Polybed 812 and sections were incubated with rabbit anti-human invol~crm followed by protein A-gold (A and C) or 
protein A-gold alone (B) . The sections were washed to remove non-specific antibody.binding, counterstamed ~th u.ranyl acetate and lead citrate: and 
the envelope fragments and gold particles were visualized by transmission electron rrucroscopy. A,B, low-magnification unages (bars, 0.5 Jim; C, higher 
magnification image (bar, 0.1 Jim). No staining was observed when the primary involucrin antibody was replaced with non-specific rabbit serum (not 
shown). 
is correlated with the presence of abundant intracellular granules 
and fibrils . The soluble trapped proteins include the envelope pre-
cursor, involucrin [4,8], type I and type II keratin intermediate 
filament proteins [34,42], and the keratohyalin granule component, 
filaggrin [38,39] (Fig 3). The immunologic results suggest that a 
significant quantity of involucrin is not cross-linked in envelopes 
that form spontaneously in post-confluent cultures. 
Envelope Fragments are Essentially Free of Soluble Pro-
teins Sonication yields envelope fragments, which, after extrac-
tion with SOS and reducing agent, are free of granules and contain 
small amounts of fibrillar material attached at the spot desmosomes. 
The fibrill ar structures are most likely composed of keratin fila-
ments that interface with the envelope at attachment sites in the 
desmosome [43]. The sonicated envelope fragments are relatively 
pure as measured by the absence of soluble proteins on polyacrylam-
ide gels. These results suggest that the soluble proteins arise as 
non-cross-linked proteins that are trapped within the envelope at 
the time of envelope formation. It is particularly interesting that the 
cornified envelopes appear to have a structure that severely restricts 
the passage of even relatively small protein molecules. In addition, 
these results suggest that studies utilizing intact envelope prepara-
tions to generate antibodies to envelope proteins or to characterize 
the composition of the envelopes are likely to be confounded by the 
presence of soluble proteins. 
Involucrin is a Cross-Linked Constituent of the Cornified 
Envelope Several methods have been utilized to identify involu-
crin in the cornified envelope [4.21]. including localization of invo-
lucrin in the cornified layer by immunodetection in sections of 
tissue [21,23,24] and absorption of an inv<;>lucrin-specific antibody 
to purified intact cornified envelopes [4]. Whereas these results 
provide evidence for the association of involucrin with the cornified 
envelope. our present results suggest that a significant quantity of 
involucrin in intact envelopes purified from cultured cells is not 
cross-linked. To obtain additional evidence for a covalent associa-
tion of involucrin with the envelope, highly purified envelope frag-
ments were isolated from cultured cells and digested with CNBr. 
Involucrin-immunoreactive peptides were released only after 
CNBr treatment, suggesting that involucrin is a covalently cross-
linked component of the envelope. 
Parallel studies (not shown) suggest that small amounts of keratin 
and filaggrin are also covalently associated with the envelope. This 
is perhaps expected, because despite extensive extraction in urea and 
SOS/reducing agent and sonication, spot desmosomes remain assO-
ciated with the marginal band. 
Involucrin Cross-Linking in Cultured Cells A large fraction 
of the involucrin-immunoreactive material that is released from 
envelope fragments by CNBr treatment appears as a smear ranging 
in molecular weight from 40 to 180 kOa. However, two regions of 
relative enrichment are observed at 52 and 70 kOa. The 52-kDa 
cluster released from purified envelope fragments by CNBr most 
likely represents the cleavage products of largely intact and mini-
mally cross-linked involucrin, as they comigrate with the cluster of 
bands released from purified,non-cross-linked involucrin. The 70-
kDa bands released from the purified envelope fragments by CNBr 
may represent involucrin fragments linked together or involucrin 
preferentially linked to another protein. Involucrin appears to form 
polymers ill vitro [11] and it disa~pears from the soluble phase when 
keratinocyte extracts ill vitro [11 J or cultured cells in situ [10,44] are 
challenged with calcium. It is interesting to speculate that the 52-
kDa band cluster released after CNBr digestion of envelopes repre-
sents involucrin molecules that are cross-linked at glutamine496 [8], 
which has been shown to be a preferred glutamyl donor for involu-
crin cross-link formation i" vitro [45] . 
Identification of Involucrin in Envelope Fragments Using 
Immunogold Electron Microscopy In addition to biochemi-
cal studies demonstrating the presence of involucrin in the enve-
lope,.we were also a?le to localiz~ it to the envelope using high-re-
s~lution electron ml~ro~coPY ' Highly purified envelope fragments 
displayed a random distribution of gold particles along the surface of 
~he enve!ope .. Becaus~ these samples were labeled after embedding, 
It IS pOSSIble, 111 fact likely, that we have only detected a fraction of 
the involucrin molecules present in the envelope. However, these 
studies provide evidence that involucrin is an envelope constituent 
and indicate that involucrin-immunoreactive epitopes can be de-
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tected by immunogold .e1ectron microscopy at random intervals 
along the surface of purified cornified envelope fragments. 
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